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Abstract 
On April 20, 2010 a tragic explosion aboard the Deepwater Horizon (DWH) drilling rig marked the 
beginning of one of the worst environmental disasters in history. For 87 days oil and gas were 
released into the Gulf of Mexico. In August 2010, anomalous phytoplankton activity was identified 
in the Northeastern Gulf of Mexico, using the Fluorescence Line Height (FLH) ocean color 
product. The FLH anomaly was bound by approximately 30° – 28N and 90° – 86W and there 
was a suggestion that this anomaly may have occurred due to the presence of oil. This study was 
designed to examine alternative explanations and to determine what influence the Mississippi 
River and the freshwater diversions, employed in the response efforts, may have had on the 
development of the FLH anomaly. 
The combination of the anomalously high flow rate in the Mississippi River observed in June-
August 2010, the use of freshwater diversions, and three severe storms increased the flow of 
water through the adjoining marshes. We propose that these conditions reduced the residence 
time of water and nutrients on the wetlands, and likely mobilized nutrients leading to increased 
fresh water and nutrients being discharge to the coasts around the Mississippi Delta. Salinity 
contour maps created from data collected by ships operating in the Northeastern Gulf of Mexico 
showed that the 31 isohaline was upwards of 250km east of the Mississippi River Bird’s Foot 
Delta in August 2010. 
The American Seas (AmSeas) numerical circulation model was used to examine the dispersal 
and distribution of water parcels from the Mississippi River and freshwater diversions. Two virtual 
particle seeding locations were used to trace particles to obtain a measure of the percentage of 
particles entering a Region of Interest (ROI) located in the center of the FLH anomaly, i.e. 150 km 
east of the Mississippi Delta. All environmental data examined suggest that the eastward 
viii 
dispersal of the Mississippi River water including that derived from freshwater diversions and 
storm activity contributed to the development of FLH anomaly in August 2010.  
Chapter two examines the spectral characteristics of water and oil collected by the Airborne 
Visible/Infrared Imaging Spectrometer (AVIRIS). Several peaks in the spectral features of the 
total radiance of surface oil between 1907nm and 2400nm appear to be absent for water. An 
algorithm (Spectral Line Height) was created to measure the height of the peak at 2142nm 
relative to a baseline between 2013nm and 2390nm. A normalized difference technique 
developed by the USGS was used as a validation tool. Preliminary results of the SLH technique 
appear to compare favorably with the results derived using the USGS technique. The SLH 
technique worked in areas that did not show sunglint or shallow bottom features. Sunglint areas 
would require additional correction to remove the effect of specular reflection. The SLH technique 
shows promise but will require validation to develop into an operational remote sensing method.  
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Chapter One: Impacts of the Anomalous Mississippi River Discharge and Diversions on 
Phytoplankton Blooming in the Northeastern Gulf of Mexico in August 2010 
 Abstract 1.1.
An anomalous phytoplankton bloom was observed in the Northeastern Gulf of Mexico during 
August 2010, in the area bound approximately by 30° – 28N and 90° – 86W, east of the 
Mississippi Delta. There has been argument that this anomaly is related to the Deepwater 
Horizon (DWH) Oil Spill. The main objective of this research was to test the hypothesis that the 
eastward dispersal of the Mississippi River plume in August 2010 also contributed to the 
phytoplankton bloom observed in August 2010. I examined a number of relevant datasets 
including MODIS fluorescence line height images and ship-based surface salinity data. The 
American Seas – Navy Coastal Ocean Model (AmSeas-NCOM) was used to examine possible 
particle trajectories released in two locations, specifically; seeding around the Southwest Pass of 
the Mississippi River delta and seeding around Chandeleur Sound. I present substantial evidence 
that the freshwater discharge from the Mississippi River played a significant contribution to the 
development of the phytoplankton anomaly in August 2010. It has been demonstrated that 
sediment accumulation rates in the NEGOM (De Soto Canyon region) have significantly 
increased since the Deepwater Horizon event. This large phytoplankton bloom, nurtured by 
excess nutrient from both large water diversions and large runoff from successive storms in June-
August 2010, may have contributed to the increased sedimentation rates of organic matter 
observed in the NEGOM in the aftermath of the DWH event. 
 Introduction 1.2.
On April 20, 2010, an explosion occurred on the Deepwater Horizon (DWH) drilling rig operating 
in the northern Gulf of Mexico, 50 nautical miles southeast of the Mississippi delta off the 
Louisiana coast (Figure 1). This tragedy marked the beginning of one of the worst environmental 
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disasters in history. For 87 days, crude oil and natural gas flowed into the Gulf of Mexico from a 
wellhead located at a depth of 1500m, ultimately resulting in the discharge of an estimated, 
unprecedented 4.9 million barrels of oil (US Department of Interior 2010; Mc Nutt, et al. 2011). 
The introduction of oil into the marine environment poses significant ecological and economic 
impacts (National Research Council 1985), and the large volume of oil discharged by the 
Deepwater Horizon led to one of the largest coordinated efforts to assess impacts to the 
environment and plan for restoration of the Gulf of Mexico ecosystem. 
Response operations to mitigate impacts from the spill took place in 4 key areas: at the source of 
the spill, offshore, near shore, and inshore (National Response Team 2011). Some of the primary 
operations included removal of oil by mechanical skimming, aerial dispersant application, 
controlled in-situ burning, deployment of booms and Hesco baskets (National Response Team 
2011). In late April 2010, the U.S. Army Engineer Research and Development Center (ERDC) 
used a 2-dimensional Adaptive Hydraulics Modeling system (ADH) to evaluate the potential of oil 
migration into the estuaries of Breton Sound and Barataria Bay under a range of conditions 
(USACE 2010). The ADH model analyzed whether water discharge from Davis Pond and from 
the Caernarvon freshwater diversions (Figure 1) would have an effect on near shore oil 
movement under 2 scenarios – with the diversion fully opened and with each diversion closed. 
The results of the model indicated that opening the Caernarvon and Davis Pond diversions to full 
capacity could reduce intrusion of oil into the estuaries (USACE 2010). Based on these modeled 
results, a decision was made by the State of Louisiana to open many of these freshwater 
diversions located along the lower Mississippi River to full capacity (State of Louisiana 2010).  
Seven individual diversion systems and one lock were involved at various stages during the DWH 
event, namely (Figure 1); Davis Pond (capacity 302 m
3
/sec), Violet Siphon (6 m
3
/sec), 
Caernarvon (249 m
3
/sec), Whites Ditch Siphon (6 m
3
/sec), Naomi Siphon (42 m
3
/sec), West Point 
A la Hache Siphon (42 m
3
/sec), Bayou Lamoque (212 m
3
/sec), and Ostrica Locks (State of 
Louisiana 2010). In total, over the course of June and July 2010, these diversions accounted for 
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approxmately 5.5% of the volume of water discharged by the Mississippi, into areas which 
normally receive less than 1% of the Mississippi’s discharge.  
Figure 1. Location of Deepwater Horizon site, boundary of the FLH anomaly 2010, and position of 
the freshwater diversions. Also identified are the points of seeding for the AmSeas model and 
ROI (red box). 
Hu et al. (2011) identified a phytoplankton fluorescence anomaly in the Northeastern Gulf of 
Mexico during August 2010. Hu et al. (2011) explored ocean circulation, river discharge, and 
historical data in combination with the location, duration and timing of the anomaly, and proposed 
that the phytoplankton anomaly may have resulted from the oil spill.  
The primary objective of the present study was to determine if the discharge of the Mississippi 
River could have been the cause of the observed anomaly. Of interest was also the question of 
whether the fresh water diversions contributed in the development of the bloom. Many actions in 
response to the DWH event were undertaken without the luxury of time to assess associated 
environmental tradeoffs. A review of some of the consequences needs to be conducted to 
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understand repercussions on sensitive ecosystems so that we are better prepared to respond to 
possible eventualities in the future. My conclusion is that water circulation patterns for August 
2010, which were not unusual but were different than those observed specifically in previous 
months of August in the previous decade, combined with nutrient delivery to the coastal zone 
east of the Mississippi River due to water diversions and the action of three large storms from 
June through August 2010 had significant impacts on the ecosystem of the Northeastern Gulf of 
Mexico. 
 Study site and river dynamics 1.2.1.
Ranked as the 7
th
 largest river in the world in terms of freshwater discharge (Walker and Rabalais 
2006), the Mississippi River drains approximately 1.25 million square miles of land (USACE 
2011), which includes 41% of the continguous United States (Lohrenz, et al. 2008). The 
Mississippi River contributes approximately 80% of the freshwater into the Gulf of Mexico and this 
flow has a seasonal pattern (Lohrenz, et al. 2008). The Louisiana coastal wetland system has 
been eroding for decades with a current land loss of approximately 16 square miles per annum 
(CPRAL 2007). This accounts for 80-90% of the entire coastal marsh wetlands lost throughout 
the contiguous USA (USACE 2011). There are a multitude of reasons for this land loss including 
hurricanes, sea level rise, oil and gas activities and dredging to improve navigation (CPRAL 
2007). Furthermore, a reduction in the amount of sediment delivered to the wetlands due to the 
redirection of Mississippi River waters to prevent flooding has also contributed to the wetland loss 
(USACE 2011). 
The Mississippi River provides the predominant nutrient loading for the Northern Gulf of Mexico 
(Dagg and Breed 2003). The Mississippi River discharge shows substantial fluctuations over time 
(Muller–Karger 1993) and this contributes to large variability in primary productivity by 
phytoplankton in the northern Gulf of Mexico (Lohrenz, et al. 2008). A range of reports have 
examined the role of both nitrogen and/or phosphorus as being the limiting nutrient to 
phytoplankton productivity in the Gulf of Mexico (Dagg and Breed 2003; Lehrter, Murrell and 
Kurtz 2009; Lohrenz, et al. 2008). A direct correlation has been established between river input of 
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dissolved inorganic nitrogen and the concentrations of phytoplankton in the Mississippi River 
delta area (Lohrenz, et al. 1997). While the limiting nutrient may vary with season, these changes 
don’t seem to have much of an impact on the size of phytoplankton blooms or on the size of the 
anoxic/hypoxic area observed annually off the Louisiana coast (Lohrenz, et al. 2008).  
 Freshwater diversions 1.2.2.
The Mississippi River flow and a regular supply of freshwater and sediment to wetlands adjacent 
to the Mississippi River is controlled by a series of dams, spillways and locks maintained by the 
United States Army Corps of Engineers (USACE 2011). These devices serve as salinity control 
systems and regulate the amount of freshwater, nutrients and sediment loading directed to the 
wetlands. In combination with the Mississippi River levee systems, these engineering features 
help to regulate the discharge to the Bird’s Foot Delta, which includes the Southwest Pass, South 
Pass and Pass a Loutre (CPRAL 2007). The combined opening of these structures to full 
capacity is not typical of the normal management practice of the Mississippi River. The impacts 
on the biological and physical nutrient supply from these diversions may have affected the 
seasonal phytoplankton productivity in the areas where the diverted flows were discharged. 
During the Deepwater Horizon event, the freshwater diversions were opened to near or at full 
capacity. The rationale for opening the freshwater diversions was to flush water into the 
marshlands creating a resistance to any oil derived from the DWH accident which was 
threatening the coastline (State of Louisiana 2010).  
Davis Pond and Caernarvon freshwater diversions represent the largest of the diversions used in 
this tactic. The Davis Pond Freshwater Diversion (DPFD) was completed in 2002 and is located 
at mile 118 Above Head Pass (AHP) in the St. Charles Parish, two miles from Luling, on the west 
bank of the Mississippi River (USACE 2000). The DPFD redirects water, sediments and nutrients 
from the Mississippi River through wetlands into the Barataria Bay estuary at a maximum 
capacity of 302m
3
 /sec (USACE 2000). 
6 
The Caernarvon Freshwater Diversion (CFD) was completed in 1991 and is located at mile 81 
AHP just below the St. Bernard-Plaquemines Parish line on the right bank of the Mississippi River 
(USACE 1998). The CFD discharges freshwater into the Breton Sound Basin and is capable of 
diverting 249 m
3
/sec
-
from the Mississippi River (USACE 1998).  
Colored Dissolved Organic Matter (CDOM) is a component of the organic matter present in 
coastal waters as a result of Mississippi River and of wetlands inputs, as well as a byproduct of 
local phytoplankton, zooplankton, and sediment processes (Chen, et al. 2004). CDOM absorbs 
highly in the shorter (blue and violet) visible wavelengths (Kirk 1994) and therefore affects the 
accuracy of measuring chlorophyll-a concentrations using bio-optical methods applied in remote 
sensing assessments in areas affected by river discharge such as the Northeastern Gulf of 
Mexico (Del Castillo, et al. 2001; Hu, et al. 2005). While CDOM helps trace river plumes in the 
ocean over very large distances (Muller-Karger, et al. 1991; Muller-Karger, Richardson and 
McGillicuddy 1995), it also limits the accuracy of using chlorophyll-a as a proxy for phytoplankton 
biomass in coastal waters. The northern Gulf of Mexico has optically complex waters. In these 
often turbid waters, the solar-stimulated fluorescence of phytoplankton provides a viable means 
of detecting the presence and estimating the biomass of phytoplankton, using the Fluorescence 
Line Height (FLH) products developed for the Moderate Resolution Imaging Spectrometer 
(MODIS) satellite sensor by NASA (Hu, et al. 2005).  
1.3. Methods 
1.3.1. Fluorescence Line Height (FLH) anomalies 
MODIS full-resolution images (1km) collected with NASA’s Aqua satellite were downloaded from 
the U.S. Goddard Space Flight Center and processed at the Institute for Marine Remote Sensing 
(IMaRS). Monthly means were computed for both Fluorescence Line Height (FLH) and 
chlorophyll. Sixteen Level 2 flags were applied to the data, namely; atmospheric correction failure 
(ATMFAIL), pixel over land (LAND), high sun glint (HIGLINT), observed radiance very high or 
saturated (HILT), high sensor view zenith angle (HISATZEN), stray light (STRAYLIGHT), 
probable cloud or ice contamination (CLDICE), coccolithophores detected (COCCOLITH), high 
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solar zenith (HISOLZEN), very low water leaving radiance (LOWLW), derived product algorithm 
failure (CHLFAIL), navigation quality is reduced (NAVWARN), aerosol iterations exceeded 
maximum (MAXAERITER), derived product quality is reduced (CHLWARN), atmospheric 
correction is suspect (ATMWARN) and bad navigation (NAVFAIL) (NASA 2003). Pixels 
containing any such flags were not included in the analysis.  
Monthly anomalies were computed using the SeaWiFS Data Analysis System, (SeaDAS Version 
6.2) software package. The monthly mean climatology spanned July 2002 to January 2011. 
Monthly anomalies for chlorophyll and FLH were created by subtracting the monthly 
climatological mean from the monthly mean for each given month.  
Hydraulic stage height data for the Mississippi River was obtained from the United States Army 
Corps of Engineers (New Orleans Division) located at Talbert Landing, Mississippi. Talbert 
Landing (31° 00’ 30” N and 91° 37’ 25” W) is positioned downstream of the Old River Structure 
where approximately 34% of the Mississippi River is diverted into the Atchafalaya River (Dagg 
and Breed 2003). Daily mean flow rates were downloaded from January 1, 1990 to December 31, 
2010 (http://www.mvn.usace.army.mil/eng/edhd/wcontrol/miss.asp). A 20-year mean was created 
from Janurary 1, 1990 to December 31, 2009. A 95% confidence interval was calculated for the 
20-year mean dataset using Matlab (vR2011b). Nutrient data were downloaded from the United 
States Geological Survey (USGS) National Water Information System 
(http://waterdata.usgs.gov/usa/nwis/) for St. Francisville, (USGS 07373420) located in the West 
Feliciana Parish (30° 45’ 30” and 91° 23’ 45”W). The field parameter (00631) ‘nitrite + nitrate 
water’, (filtered) as mg/L of nitrogen, was used a measure of the dissolved inorganic nitrogen in 
the Mississippi River (Lohrenz, et al. 2008). Field parameter (00671) or orthophosphate (mg/L), 
was used as a measure of the phosphorus in the Mississippi River (Lohrenz, et al. 2008). 
Water flow data for Caernarvon and Davis Pond freshwater diversions were downloaded from the 
United States Geological Survey (USGS) National Water Information System 
(http://waterdata.usgs.gov/usa/nwis/). Mean daily flow rates were obtained for Caernarvon for the 
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period January 1, 2001 to December 31, 2010, and for Davis Pond from January 1, 2003 to 
December 31, 2010.  
1.3.2. Salinity and wind data 
Conductivity-Temperature-Depth (CTD) instruments were deployed throughout the Northern Gulf 
of Mexico by numerous investigators during the response to the Deepwater Horizon event. 
Salinity records from NOAA ships operating within 30N and 27N, and 90W and 86W were 
downloaded from the National Coastal Data Development Center (NCDDC) 
(http://www.nodc.noaa.gov/deepwaterhorizon/ship.html). Salinity measurements for the upper 3m 
were averaged for all CTD records found within the region of interest in 2010 for July (86 casts), 
August (266 casts) and September (221 casts). In September 2010, the Southeast Area 
Monitoring and Assessment Program (SEAMAP) provided a much greater geographical 
distribution of data points. CTDs deployed in July and August were concentrated closer to the 
Deepwater Horizon site. A dataset for each month was gridded using Surfer version 10. The 
gridding method produces a regularly spaced rectangular array of salinity by extrapolating the 
available data to provide values for those areas where data is missing within the rectangular array 
(Golden Software, Inc. 2002). Land such as the Chandeleur Islands and the Mississippi Delta, 
and areas where no ship data were available were masked to remove grid node data from a grid.  
Wind data for July and August 2010 were obtained from the National Oceanographic Data Center 
(NODC) (www.nodc.noaa.gov/buoy/) for moored buoy 42040, positioned 64 nautical miles south 
of Dauphin Island, Al (29 9’ 1”N and 88 12’ 25”W). This buoy is located within the area where 
the FLH anomaly was observed in August 2010. Wind speed (m/s) and direction was gathered 
every 10 minutes. Wind speed and direction were binned every 12 hours for each respective 
month and are represented as feather plots created in Matlab (vR2011b).  
1.3.3. AmSeas model 
The AmSeas model is a sub model of the US Navy’s Coastal Ocean Model (NCOM) covering the 
Gulf of Mexico and Caribbean Sea (Ko, Preller and Martin 2003). The model is forced with 
9 
atmospheric forcing fields from the Navy’s Coupled Ocean/Atmosphere Mesoscale Prediction 
System (COAMPS) at 3km resolution (Northern Gulf Institute 2012).  
The AmSeas model operates on a 3-hour time step and encompasses data from COAMPS such 
as sea surface height anomalies, sea surface temperature, salinity and elevation, in addition to 
eastward and northward current components. It also incorporates tidal forcing based on the Navy 
0.08 resolution global NCOM (Nero 2013). The near surface particles are forced by velocity     
eastward ( ) and northward     using the following: 
     ( ̃    [      ⃗ ]) 
where,  ̃ is the sum of the model generated currents. The last terms are used to calculate the 
simulation of turbulent motion, where P is a Gaussian probability density function,  is a fraction 
of  ⃗ , the magnitude of the overall particle motion for every 3hour time step (Nero 2013).  
The model has a 1/36 degree resolution in the horizontal (~3km) and up to 40 levels in the 
vertical. In this study I used five depth outputs, from the surface to 20m (5m increments), to 
reconstruct the circulation in the northeastern Gulf of Mexico. I used the circulation results to 
trace particle trajectories originating at two locations, namely:  
1. Southwest Pass: 5,000 particles distributed evenly over 5 depths; 0m, 5m, 10m, 15m, 
and 20m.  
2. Chandeleur Sound: 5,000 particles released at the surface (0m).  
Sets of particles were released daily between July 01, 2010 and August 15, 2010. All particles 
were released with a randomized spatial spread and then tracked every 3 hours for the 
subsequent 30 days. Particles remained at the vertical level in which they were released 
throughout each model run. The AmSeas model also ensures realistic dispersal around 
headlands and bays by incorporating 186m horizontal resolution bathymetric grids (1/600deg) 
from the National Geophysical Data Center for the north central Gulf of Mexico (Nero 2013).  
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A region of interest (ROI) was defined (Figure 1) in the model domain coinciding with the August 
2010 FLH anomaly to the east of the Mississippi Delta, with boundaries of 29.2°N – 28.8°N, 
87.66°W – 87.22°W, an area covering ~2,561 km
2
. I kept track of the number of particles entering 
the ROI relative to those released at each of the origins near the Mississippi Delta and coastal 
area off the wetlands affected by the water diversions and storm water runoff.  
 Results 1.4.
1.4.1. Mississippi River discharge 
Figure 2 traces the average daily mean flow from Talbert Landing for 1990 – 2009. The broken 
lines represent the 95% confidence interval. Average daily mean flow for 2010 is also plotted. The 
highest average discharge occurs in the spring between mid-March and mid-May, and the lowest 
in the fall between mid-August and November (Muller-Karger 1993; Lohrenz, et al. 2008).  
Between early July and through October 2010 the daily mean flow of the Mississippi was above 
the 20 year mean, and between July 9
 
and September 8 it was above the 95% confidence 
interval. During this 62 day period, the Gulf of Mexico received an estimated excess volume of 
about 8.3 billion m
3
 (8.3x10
9
 m
3
) relative to the 20-year mean. In 2008, the daily flow between 
July 9 and September 8 was also above the 95% confidence interval for 17 days resulting in an 
estimated excess of 11 billon m
3
 (11.0X10
9
 m
3
). Occurrence of daily flow rates being above the 
95% confidence did not occur between 1998 and 2008. 
Figure 3 illustrates the discharge rates of the two major freshwater diversions – Caernarvon and 
Davis Pond. On April 30, 2010, DPFD was opened at a flow rate of 113 m
3
/sec. This was 
increased to 212 m
3
/sec on May 7 and then to full capacity on May 10, 2010. Davis Pond 
remained at or near full capacity until August 9, 2010. The Caernarvon Freshwater Diversion 
(CFD) was managed in a similar way. On April 23 the CFD was opened to 142 m
3
/sec, increased 
to near full capacity by April 24, and then maintained at that level until August 9, 2010. The 
broken lines in Figure 3 represent the mean daily flow rates for Caernavon from January 2001 to 
December 2010 and for Davis Pond from January 2003 to December 2010.  
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Figure 2. Daily mean flow rate for Talbert Landing, Mississippi, located approximately 1 mile 
south of Old River. The orange solid line illustrates the 20-year (1990 – 2009) average daily mean 
flow, with the broken lines representing the 95% confidence interval. The solid green line 
represents the 2010 daily mean flow. 
Figure 4 shows the daily mean discharge flow from Caernarvon from January 24, 2001 to 
December 31, 2010. A seasonal pattern emerges with high flows occuring from January to March 
each year, which coindides with the high flow of the Mississippi River (Figure 2). A mean of the 
daily flow rate was derived for both the Caernarvon and Davis Pond diversions between April 20 
and August 20 for each of the years of available data to place the period of the DWH response in 
context (Figure 4 and 5). Between 2001 and 2006 at the Caernarvon outfall, the April-August 
diversions remained <50m
3
/sec.  
Between 2006 and 2009, a maximum of 83m
3
/sec was observed in 2007. In contrast, in response 
to the DWH oil spill the flow rate increased to 199m
3
/sec, or more than double the mean level for 
any of the preceding 9 years.  
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Figure 3. Freshwater discharge from Caernarvon and Davis Pond represented by solid lines. 
Broken lines represent the 9 year average flow rate for Caernarvon (2001 – 2009) and the 7 year 
average flow rate for Davis Pond (2003 – 2009). 
Figure 5 shows the flow rate from Davis Pond from 2003 – 2010. The April-August mean between 
2003 and 2007 reached a maximum of 59m
3
/sec. Between 2008 and 2010 this mean steadily 
increased and the mean for April-August was ~147m
3
/sec in 2009. In 2010, this mean daily flow 
rate had increased to 179m
3
/sec.  
Figure 6 shows the nitrogen and phosphorus loading in the Mississippi River from 1990 to 2010. 
Nutrient flux from the Mississippi River to the Gulf of Mexico was estimated by multipying the 
nutrient loading by the total daily volume of water for that specific date. Between 1990 and 2009 
the nitrite and nitrate values, which represent the total nitrogen levels, range from 249 – 5576 
metric tonnes per day. Values recorded for nitrite and nitrate in 2010 ranged from 1039 – 4268. 
During the DWH event the total nitrogen values ranged from 1898 – 3680 metric tonnes per day.  
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Figure 4. Daily mean discharge from Caernarvon freshwater diversion from January 2001 to 
December 2010. Red line represents the mean calculated from April 20 – August 20 for each 
respective year. 
 
Figure 5. Daily mean discharge from Davis Pond freshwater diversion from January 2003 to 
December 2010. Red line represents the mean calculated from April 20 – August 20 for each 
respective year. 
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Orthosphosphate for 1990 – 2009 ranged from 14.9 – 218 metric tonne per day. During 2010 the 
values ranged from 53 – 164 and during the DWH event were recorded between 123 and 150 
metric tonnes per day. Since 1990 there has been a small linear decrease in total nitrogen and a 
small linear increase in the orthophosphate (Turner, et al. 2007).  
 
Figure 6. Nutrient data obtained from USGS river station at St. Francisville, Louisiana (site 
number 7373420). Nitrite and nitrate combined (blue diamonds) and orthophosphate (red circles) 
from 1990 – 2009. 2010 values are presented in green triangles (nitrite and nitrate) and purple 
squares. Samples collected during the DWH event (April – August 2010) are surrounded with 
black line.  
Monthly satellite-derived FLH anomalies are useful to detect unusual phytoplankton activity over 
synoptic scales. For example, several large patches of positive anomaly were observed in 
January 2010 south and west of the Mississippi River delta (Figure 7). There is no anomaly (or 
even a slight negative anomaly) immediately next to the coast. This shows that near-shore, 
phytoplankton in January 2010 was close to normal for that month, but that there was enhanced 
biomass outside the normal near-shore range. The offshore anomaly remains associated with 
coastal discharge, and simply indicates where high FLH patterns had not been observed in the 
mean values for the month of January in the other ten years used to derive the climatology. There 
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were several months in 2010 when phytoplankton FLH anomalies were also observed to the east 
of the Mississippi River delta, including March, May and November.  
The August 2010 positive FLH anomaly extended as far east as ~86.1W. This region east of the 
delta behaves similarly every August, and therefore most years no particular feature is detected 
in this area (Figure 8). 
Figure 8 shows a smaller anomalous event in 2008, but this did not extend as far eastward as the 
2010 event. In 2008, disastrous floods affected the Mississippi valley, and this is reflected in a 
larger oceanic plume that year. River discharge for 2008 was 11 billion m
3
 between July 9 and 
September 8, in comparison to 8.3 billion m
3
 for 2010 for the same period.  
1.4.2. Salinity and wind 
Salinity contour maps were created from the CTD data archived by NOAA NODC for August and 
September 2010. Figure 9 shows salinity contours for August 2010. The river plume as traced by 
the 31 isohaline coincides with the FLH anomaly. A salinity of 31 was reported 150 miles east of 
the Mississippi Delta. The coinciding patterns are evidence that the higher FLH is related to the 
Mississippi River discharge. By September 2010 (Figure 10), the 31 isohaline had retracted to 
within 20 miles of the Mississippi River delta at Main Pass, extending eastward closer to the shelf 
in the NEGOM, in an area where high phytoplankton concentrations are more normal at this time 
of the year and therefore show no anomaly in this region within the plume.  
To better understand how Mississippi water spread east and offshore in the NEGOM in July and 
August of 2010, I examined winds measured by a buoy located within the region of the FLH 
anomaly. From July 1
 
– 8, 2010, I observed a southerly wind with speeds between 4 and 7m s
-1
 
(Figure 11). Winds reversed between July 9 – 16, and then became southerly again July 17 – 23. 
Starting July 24, the area was affected by Tropical Storm Bonnie. North winds were observed 
until August 26 (Figure 12). 
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1.4.3. AmSeas model 
Figure 13 shows the maximum percentage of simulated AmSeas particles entering the ROI (red 
box shown in Figure 1) for each day of release for the model run for Southwest Pass. At least 
40% of the particles released between July 25 – 31 and August 3 – 15 would have been 
transported into the Region of Interest from around Southwest Pass. Figure 14 shows the 
maximum number of AmSeas particles released from Chandeleur Sound entering the ROI. The x-
axis indicates the date of release. Between July 15 and July 26 the percentage was less than 
11%. However, between August 2 and August 12 at least 71% entered the ROI.  
Particles released from Chandeleur Sound typically took longer to enter the ROI when compared 
with those released at the surface from Southwest Pass. Figure 15 denotes the typical behavior 
for particles released from both sites. Particles released at the surface from Chandeleur Sound 
between August 1 and 12
 
entered the ROI between 3 and 12 days after release, but quickly 
reached a maximum within hours on the third day after release. Particles released from 
Southwest Pass entered the ROI three days after initial release. Figure 15 also shows the 
behavior of particles released from Southwest Pass below the surface at the 5, 10, 15 and 20 m. 
These moved slower and typically contributed significantly less to the particles entering the ROI.  
Figure 16 shows the relative percentage of particles entering the ROI based on depth. Between 
July 21 and August 15 the particles released at the surface contributed the highest percentage of 
all particles entering the ROI, or approximately 54%. Most particles entered the region in late July 
and in August. Average contributions from the other depths were much reduced at 19%, 9%, 9%, 
and 10% for the 5m, 10m, 15m, and 20m depth ranges. Because the surface particles would 
mimic the dispersal of the Mississippi and Barataria Bay plumes, these simulations are further 
evidence that water from these areas led to the FLH anomaly observed east of the Mississippi in 
August 2010.  
.
  
Figure 7. FLH anomalies from MODIS Aqua images. January – December 2010 relative to July 2002 to January 2011 monthly climatologies. Gray 
pixels indicate bad values. 
 
1
7
 
   
Figure 8. FLH anomalies for the month of August, 2002 – 2010. 
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Figure 9. Salinity contour map for August 2010 overlaid on the FLH anomaly map. The thicker 
black line indicates the 31 isohaline.  
 
Figure 10. Salinity contour map for September 2010 overlaid on the FLH anomaly map for the 
same period. The 31 isohaline is marked with the thick black line.  
20 
 
Figure 11. Wind plot for July 2010 from NOAA buoy 42040 (29 9’ 1”N and 88 12’ 25”W). 
 
Figure 12. Wind plot for August 2010 from NOAA buoy 42040 (29 9’ 1”N and 88 12’ 25”W). 
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Figure 13. Maximum percentage of particles released from Southwest Pass entering the ROI. 
Numbers above each column represent the number of days it took for the particles to reach a 
maximum for that respective release date. 
Figure 14. Maximum percent of particles released from Chandeleur Sound entering the ROI. 
Numbers above each column represent the number of days after release it took to reach a 
maximum for that respective release date. 
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Figure 15. Typical profile generated by AmSeas model representing the percent of the particles 
released from Southwest Pass (0m, 5m, 10m, 15m and 20m depth) and Chandeleur Sound that 
entered the high FLH ROI. 
 Discussion 1.5.
In July 2012, Allison et al. (2012) issued a report to the Louisiana Coastal Area (LCA) Science 
and Technology Program Office, within which they presented a water and sediment budget for 
the lower Mississippi River from 2008 to 2010. The report highlighted that the combined flow from 
the Caernarvon and Davis Pond diversions only account for approximately 1% of the total 
Mississippi River flow for the average annual water discharge for the three years 2008 – 2010. 
Immediately after the DWH event in 2010, both the Caernarvon and Davis Pond freshwater 
diversions were operated at reduced capacity for September and October in comparison to any of 
the preceding years. I calculated a mean of the flow rate from Baton Rouge (USGS 07374000) 
discharge site from April 20 to August 20 and compared this against the discharge from the 
freshwater diversions. The combined flow from Caernarvon and Davis Pond freshwater 
diversions was approximately 3.5% of the total river flow between April and August 2010, which 
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was already above normal relative to the 20-year mean. When all freshwater diversions are 
included, the contribution is approximately 5.5% between April 20 and August 20, 2010.  
 
Figure 16. Percentage contribution of particles entering the ROI based on depth. Particles 
released at the surface for Chandeleur Sound and Southwest Pass are shown with solid lines. 
Dashed lines show the 5m – 20m profiles, released from Southwest Pass.  
The residence time of water refers to the average time that a water parcel spends in a water body 
such as a lagoon or estuary (Kenoval, Garcia and Neves 2012). Perez et al. (2010) determined 
that freshwater residence time within an estuary is a major factor in determining the magnitude of 
the nutrient flux entering coastal waters off estuarine environments. As residence time increases, 
processes that affect nutrient uptake, such as marsh plant uptake, burial, and denitrification 
processes have more time for reactions to occur (Hyfield, et al. 2008). Conversely, as the 
residence time decreases, nutrients concentrations in estuaries and wetlands are more likely to 
follow conservative mixing scenarios, because nutrient removal will be limited and 
biogeochemical reactions will have less time (Perez, et al. 2010; Hyfield, et al. 2008). Peierls, 
Christian and Paerl (2003), established that nutrient cycling and removal in estuaries is 
decreased during periods of high flow. During the Deepwater Horizon event, the flow of 
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freshwater through the marshes and wetlands fed by the Caernarvon and Davis Pond diversions 
was at an unprecedented high level. This high flow would result in a much reduced residence 
time. Therefore, nutrient loading into Barataria Bay and Breton Sound would be higher relative to 
when these diversions are operated at a lower capacity. Further, it is likely that the diversions had 
a flushing effect, mobilizing dissolved and particulate organic and inorganic materials previously 
accumulated in the marshes. Although the volume of water only represented 5.5% of the total 
Mississippi River flow, it may have contributed to the nutrient loading of coastal waters that then 
moved farther offshore into the NEGOM.  
The fate of the Mississippi River plume in the coastal waters of the Northeastern Gulf of Mexico is 
highly complex and variable (Bianchi, et al. 2010; Muller-Karger, et al. 1991). The river plumes of 
this region are largely controlled by wind (Muller-Karger 2000; Walker and Rabalais 2006). 
Walker and Hammack (2000) confirmed that southeasterly winds (from the southeast), which 
dominate much of the year off the Mississippi delta (Walker, et al. 2005) lead to an east to west 
current, which transports the Mississippi plume westwards towards the Louisiana-Texas border. 
When westward winds occur, the Mississippi River plume tends to be advected westward 
(Schiller, et al. 2011). There typically is a seasonal shift in the summer to more southerly winds, 
which tranports the MR plume eastward and towards the Fort De Soto canyon along the NEGOM 
coast and over the shelf (Schiller, et al. 2011; Muller-Karger 2000). During August 2010, the 
predominant wind was from the north, which would have led to an offshore dispersal of the 
Mississippi River plume that had been close to the coast up to that time.  
During 2010, three major storms had significant impact on the Mississippi delta, the Louisiana 
and Mississippi marshes, and the NEGOM. The first was Hurricane Alex, which made landfall 
near the Mexico-Texas border but led to rainfall of ~8 to 12 inches over southern Louisiana 
between June 25 and July 2, 2010. High storm tides were reported througout southern Louisiana. 
Tropical Storm Bonnie affected the Mississippi Delta area directly on July 25 (Stewart 2010), 
delivering between 1-5 inches throughout Mississippi and Louisiana. Tropical Depression Five, an 
Atlantic tropical cyclone, persisted over the Mississippi Delta and wetlands for a period exceeding 
25 
a week starting on August 10 (Brennan 2010). Rainfall was widespread across southern 
Louisiana, Alabama and Mississippi. In New Orleans, 5-8 inches of rain were recorded. It is hard 
to estimate the impact of these storms on runoff. However, an accumulation of 2 inches in one 
day over an area of 50x50 km
2
 represents an equivalent of approximately 1.45x10
3
 m
3
 s
-1
, or the 
equivalent of roughly 10% of the average annual instantaneous discharge of the Mississippi 
River. Storms can have large impacts on estuarine ecosystems (Day (Jr), et al. 2007) but several 
large storms occurring in sequence over a period of a month or two can have particularly acute 
impacts on both the estuary and nearby coastal waters (Wetz and Paerl 2008). This was the 
situation in June-August in the northern Gulf of Mexico. During high energy storm events such as 
tropical storms, sediment is resuspended along the inner continental shelf to depths of 100m 
(Spaziani, Jose and Stone 2009). These storm-driven inner shelf resuspension events can lead to 
phytoplankton blooming events, as shown by Hu and Muller-Karger, (2007) for the West Florida 
Shelf. 
Storm induced eddies created by tropical storms can inject large volumes of nutrient rich waters 
into the Gulf of Mexico (Yuan, et al. 2004). Given the occurrence of three storms (Tropical Storm 
Bonnie, Hurricane Alex and Tropical Depression Five) passing over the region of interest in July 
and August, and the increased nutrient loading owing to the decreased residence time and 
increased flushing, it is likely that the large phytoplankton bloom observed in the NEGOM was 
caused by a larger than normal Mississippi River plume. The Mississippi River plume is generally 
confined to the coastal regions of the Northern Gulf of Mexico (Yuan, et al. 2004), but when wind 
direction is favorable it is moved eastward and can be entrained as far south as Florida Strait and 
beyond (Muller-Karger, et al. 1991; Muller-Karger 2000; Hu, et al. 2005).  
Danchuk and Wilson (2011) outline the process by which suspended oil can adhere to suspended 
sediments. Under certain conditions, oil that has become entrained in the water column can mix 
with suspended solids to form oil-mineral aggregates (OMA) (Khelifa, Fingas and Brown 2008). 
Once stabilized, these OMAs do not adhere to surfaces nor do they reconsolidate with the oil 
slick (Niu, et al. 2010). The supply of sediment rich water from the Mississippi River may have 
26 
contributed significantly to the formation of OMAs which are denser than crude oil and seawater 
and hence may act as a mechanism for transport of oil to the seafloor. An episode of high 
deposition and sediment accumulation on the seafloor was observed after the DWH event. This 
has been termed the ‘dirty blizzard’ hypothesis (Hollander, et al. 2013). This event also coincides 
with the area where the FLH anomaly was recorded in August 2010.  
 Conclusion  1.6.
The Deepwater Horizon tragedy highlighted significant gaps in our knowledge with respect to 
baseline conditions in the northern Gulf of Mexico. This includes lack of long-term observations 
on the dispersal patterns of the Mississippi River plume, and on the water quality impacts of 
anomalous flushing of the wetlands of that deltaic system both by natural runoff and by managed 
diversions of water enabled through large engineering programs. Of particular interest is the 
synergy that such freshwater discharges can have on adjacent coastal ecosystems. The results 
from the analysis of all available environmental data show that river discharge contributed to the 
large phytoplankton anomaly in August 2010. The complex interactions between nutrient loading 
and storm activity led to the eastward transportation of the Mississippi River plume at a time when 
it was not expected from our limited historical records. 
The events of 2010 and the continuing investigations into the impacts of the Deepwater Horizon 
spill continue to emphasize the importance for integrated, long-term biogeochemical and physical 
observations in areas critical to marine and human life in order to define baselines and actions to 
follow to facilitate restoration in case of disturbance. 
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Chapter Two: Rapid Detection of Thick Oil using AVIRIS Imagery 
2.1. Abstract 
During the Deepwater Horizon oil spill tragedy in 2010, one of the challenges facing the Incident 
Command Center was directing ships and platforms involved in the recovery of surface oil to sites 
which presented a maximum recovery opportunity. The Airborne Visible/Infrared Imaging 
Spectrometer (AVIRIS) was flown in response to the DWH event 456 times between May 6 and 
October 10 2010. AVIRIS is a hyperspectral sensor which records upwelling radiance between 
400nm and 2500nm in increments of 10nm. These data were examined to develop a simple 
technique to identify locations of thick oil. 
The US Geological Survey (USGS) developed a technique based on the principles of the 
Normalized Difference Vegetation Index to identify locations of ‘thick oil’ based on the spectral 
properties of DWH oil. The term ‘thick oil’ is a relative measure of the thickness of surface oil in 
each scene, which was identified by using different colors in the synthetic image products.  
Several features in the total radiance measured by AVIRIS between 1907 – 2400nm showed a 
feature with spectral characteristics that differed between clear open water and water with oil on 
the surface. An algorithm (Spectral Line Height (SLH)) was developed to measure the height of 
the peak positioned at 2142nm above a baseline created between 2013nm and 2390nm. The 
USGS Normalized Difference technique was used a validation tool. The SLH technique identified 
similar patterns and distribution of thick oil as those produced by the USGS technique. The SLH 
technique did not perform well in the presence of sunglint, or when applied close to land and over 
shallow bottom conditions and will also require further validation to assess its performance. The 
SLH represents a preliminary technique that may identify locations of thick oil but that will require 
extensive validation prior to application in an operational setting. 
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2.2. Introduction 
One of the principal challenges to the recovery, cleanup and subsequent restoration of an oil spill 
is the ability to identify, monitor and detect the physical extent to which the oil spreads (National 
Research Council 1985). Being able to predict the pattern and flow of an active oil spill maximizes 
the efficient use of available resources in the cleanup efforts. Identifying the scope of the areas 
affected by an oil spill also allows agencies to judiciously focus mitigation efforts.  
During the DWH event, one of the many challenges facing the Incident Command Team was the 
management of response vehicles in the recovery of oil from the sea (National Response Team 
2011). To locate thick or recoverable oil, the Incident Command Center relied on visual 
observations from aircraft and ships, and on airborne and satellite remote sensing for synoptic 
observations of oil contamination (Leifer, et al. 2012). Forecasts of trajectories based on 
numerical simulations were made for 24, 48 and 72 hours in the near-shore area, i.e. the area 
surrounding the well head, to determine the location of response activities in subsequent days 
(National Response Team 2011). Remote sensing was an important tool that helped initialize and 
validate these models during the Deepwater Horizon event, in 2010.  
The chemical and physical properties of oil and how it mixes with sea water determine the optical 
properties of slicks and emulsions on the surface of the ocean and how they are viewed by 
remote sensing imagers. The color of the ocean detected by sensors is influenced by both the 
inherent and apparent optical properties of the water and the atmosphere above it (Kirk 1994). 
Sensors such as the satellite-borne Moderate Resolution Imaging Spectroradiometer (MODIS) 
and the Airborne Visible / Infrared Imaging Spectrometer (AVIRIS) measure the upwelling 
spectral radiance leaving the water surface. Oil on the surface of the sea impacts this water 
leaving radiance, because the oil affects the apparent optical properties of the water and oil also 
has its own complex optical properties that affect the overall reflectance of the surface (Hu, et al. 
2005; Otremba and Piskozub 2001). The question is whether this can be exploited to identify and 
map locations of thick oil.  
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The purpose of this study was to examine the spectral properties of the Deepwater Horizon oil as 
observed from airborne hyperspectral sensors to improve detection and mapping techniques. A 
new Spectral Line Height (SLH) technique was developed during this study. An advantage of the 
new method is that spectral features identified for the oil are not positioned within atmospheric 
absorption windows, and therefore the SLH technique was performed without atmospheric 
correction. To validate the accuracy of the SLH technique, results were compared with a method 
developed by the United States Geological Survey (Kokaly, et al. 2010) which involves the 
normalized difference of short-wave infrared bands that have been treated with atmospheric 
correction.  
2.2.1. The NASA AVIRIS airborne sensor 
AVIRIS is an airborne hyperspectral Visible and Near-IR sensor operated by NASA’s Jet 
Propulsion Laboratory (JPL). AVIRIS measures upwelling radiance in 224 contiguous calibrated 
spectral channels (bands) with wavelengths between 400 and 2500 nm (nanometers) in 
increments of 10 nm (Green, et al. 1998).  
AVIRIS captures a scene using a scanner mirror in a ‘whisk broom’ fashion i.e. it sweeps back 
and forth as the aircraft moves forward. Two different AVIRIS instruments were flown during the 
Deepwater Horizon (DWH) disaster, one on the NASA high-altitude ER2 plane and on occasion 
another one on a De Havilland Twin Otter. The ER2 flew at altitudes of approximately 20 km, 
which resulted in a spatial resolution of 30 m or less. The Twin Otter flew at about 4 km altitude, 
giving a ~3.5 m spatial resolution (NASA Jet Propulsion Laboratory 2012).  
During the general timeframe of the DWH event, these AVIRIS sensors were flown a total of 456 
times (Figure 17) including several flights after the well was capped, between May 6, 2010 and 
October 4, 2010 (Green, et al. 1998). NASA used three sites in the Mississippi and Louisiana 
area to ensure rigorous calibration for each flight day. These include Long Beach, Mississippi 
(near Gulfport); Dauphin Island, Alabama; and Pensacola, Florida (Pensacola Beach). The sites 
were used by Clark et al. (2010) to estimate the effects of atmospheric correction and were used 
to ensure that the solar spectrum is compensated for accurately 
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2.2.2. Atmospheric correction  
The radiance detected by the AVIRIS sensor is affected by a range of atmospheric effects, 
including absorption and scattering by atmospheric gases (ozone, methane, carbon dioxide, 
water vapor, etc.) and aerosols (Griffin and Burke 2003). The contribution to the measured 
radiance by these atmospheric properties is not uniform over the electromagnetic spectrum (Gao, 
et al. 2000). For example, the largest scattering impacts are often observed in the blue portion of 
the visible range of the electromagnetic spectrum (Green, et al. 1998).  
To assess the optical differences between water contaminated with oil floating at the surface and 
adjacent surface waters, I first accounted for the atmospheric signal measured at the sensor. This 
was achieved by modeling the contribution from the atmospheric transmittance and path 
radiance, and removing these from the radiance measured at the sensor. There are many model-
based solutions to atmospheric correction, including Atmospheric CORrection Now (ACORN), 
Atmospheric REMoval program (ATREM), Fast Line-of-sight Atmospheric Analysis of Spectral 
Hypercubes (FLAASH) (Kruse 2004) and MODerate resolution atmospheric TRANsmission 
(MODTRAN). 
 In this study I used ATREM, version 3.1., developed by the Centre for the Study of Earth from 
Space (CSES) at the Cooperative Institute for Research in Environmental Sciences (CIRES), 
University of Colorado, Boulder. I also conducted spectral analyses for oil detection without 
applying an atmospheric correction to enable a fast and practical application of the airborne 
hyperspectral observations.  
2.2.3. Radiative Transfer Equation 
The reflective properties of the oil-contaminated water and the surrounding uncontaminated 
(background) water can be examined for spectral differences in remote sensing reflectance 
arising from the optically different nature of water and oil. Remote sensing reflectance, Rrs, is 
defined as the ratio of upwelling radiance to the downwelling irradiance immediately above the 
surface of the ocean (Kirk 1994): 
  
Figure 17. Location, size and distribution of AVIRIS flight scenes collected in response to the Deepwater Horizon event, between May 6
 
and 
October 4, 2010. Scenes from May were collected by the AVIRIS aboard the NASA ER-2 aircraft, while scenes from July were collected using the 
AVIRIS flown aboard the De Havilland Twin Otter.  
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where θa is the air zenith angle of the water-leaving radiance,   is the azimuth angle from the 
solar plane, and 0
+
 indicates just above the surface. 
Satellite derived remote sensing reflectance is calculated as follows (Morel and Prieur 1979): 
      
  
  
 
where     is the normalized water leaving radiance and    is the extra-terrestrial solar irradiance 
for each individual band.  
The radiance that is received by the AVIRIS sensor includes atmospheric scatter and upwelling 
surface radiance (Green, et al. 1998). The radiance measured at a downward looking sensor can 
be written as (Hu 2011): 
                                                                   
where L t, is the radiance measured at the sensor (AVIRIS),  is the wavelength,  is the solar-
viewing geometric angle, Lr, is contribution from Rayleigh scattering, La represents aerosol 
scattering and aerosol-Rayleigh scattering, T is the beam transmittance in the sun-ocean surface-
sensor path accounting for view angle (), T0 is the beam transmittance in the sun-ocean surface 
– sensor accounting for solar zenith (0) and    is the extra-terrestrial solar irradiance. Lg is th 
normalized sunglint, t is the diffuse transmittance in the sun-ocean surface-sensor pathway. The 
ultimate goal in calibration and atmospheric correction is to derive the water-leaving radiance (Lw) 
as accurately as possible.  
Approximately half of the spectral region measured by AVIRIS (400 – 2500nm) is strongly 
affected by atmospheric gas absorption, and this will impact the signal that a sensor receives. 
Atmospheric correction programs such as MODTRAN and ATREM assume that the surface of 
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the ocean is flat and has a Lambertian reflectance (Gao, Heidebrecht and Goetz 1999). The 
corrected spectrum is called “scaled surface reflectance’ or ‘apparent reflectance’ (Kruse 2004).  
2.2.4. Absorption and scattering by atmospheric gases 
Seven gases produce observable absorption features within the range that AVIRIS collects 
spectral imaging, namely; water vapor (H2O), carbon dioxide (CO2), carbon monoxide (CO), 
methane (CH4), ozone (O3), nitrous oxide (N2O) and oxygen (O2). Each of these 7 gases has 
absorption bands positioned throughout the electromagnetic spectrum (CSES 1999).  
Carbon dioxide has strong absorption bands near 2000nm, and ozone has a narrow absorption 
band near 600nm (Gao, et al. 2009). Nitrous oxide has weak narrow absorption bands between 
1900nm and 2400nm. Methane has multiple absorption bands between 1100nm and 2500nm, 
with high absorption at 1700nm and between 2200nm and 2400nm. Oxygen has absorption 
bands between 600nm and 1300nm (CSES 1999). 
Absorption of water vapor changes in strength and spectral width throughout the visible and near 
infrared spectrum with the concentration and height of water molecules in the atmosphere (Griffin 
and Burke 2003). The primary atmospheric bands used to determine water vapor contributions to 
light absorption are centered at approximately 940nm, 1140nm, 1380nm and 1880nm (Gao, et al. 
2000). Strong absorption at 940nm and 1140nm (Griffin and Burke 2003) can be used to estimate 
total column water vapor. The absorption of water vapor at 1375nm, 1900nm and 2500nm is so 
strong that determination of the measured reflectance of the surface at these wavelengths is 
virtually impossible (Gao, et al. 2009). These areas of the electromagnetic spectrum are referred 
to as absorption bands and are not used in spectral analysis of features on the earth’s or the 
ocean’s surface.  
Models that compute atmospheric correction such as ATREM, FLAASH and MODTRAN use a 
three-band ratio to estimate the amount of water vapor transmittance in the atmosphere (Griffin 
and Burke 2003). The ATREM model involves the use of 3 bands in both the 940nm and 1140nm 
water vapor absorption windows (CSES 1999). This three-band ratio involves one band which 
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represents the highest transmittance, i.e. around 945 nm, and two other bands where water vapor 
transmittance is low, on either side of the main transmittance band (Griffin and Burke 2003). A 
mean of these 3 bands is calculated, producing a mean apparent reflectance of the 940nm band. 
This is repeated for the 865 nm and 1025 nm bands (CSES 1999). The three mean ‘apparent 
reflectances’ are then used to generate an artificial transmittance value which is compared with a 
look-up table for three-band ratios. This is repeated to determine the water vapor value at 
1140nm. The average from the 940nm and 1140nm is used to determine the water vapor 
transmittance for each pixel throughout the entire scene (Griffin and Burke 2003).  
2.2.5. General features of oil spectra 
Hydrocarbons produce a spectral signature based on their chemical composition and the 
vibrations that occur at their molecular level (Lammoglia and Filho 2011). The spectral signatures 
arise because of electronic or rotational vibrations that affect the infrared optical properties of oil 
(Lammoglia and Filho 2011). These spectral signatures can be explored to identify hydrocarbons 
and discriminate them from water and other organic materials in the environment (Clark, et al. 
2009). The differences in oil and water ratios give rise to variations in the scattering of light, which 
in turn creates variations in the spectral signatures of the emulsions (Kokaly, et al. 2010).  
On May 7, 2010, the USGS collected samples of Deepwater Horizon oil from three separate 
emulsion accumulations located between Southwest Pass of the Mississippi River and the site of 
the Macondo well head (Clark, et al. 2010). The samples were analyzed in the lab, and a range of 
oil:water emulsions were prepared and examined through spectroscopy (Clark, et al. 2010). 
Several distinct features were identified in the spectra of the oil and water emulsions including 
carbon-hydrogen features at 1200nm, 1730nm and 2300nm. In this near-Infrared (NIR) region, 
ocean water is very absorbing (Kirk 1994). The analysis showed that thick oil was characterized 
by multiple peaks in reflectance from 1000nm -1500nm. They also found that as the oil to water 
ratio increases, oil absorbed more light in the visible wavelengths. 
Tetracorder, an in-house spectral feature identification software tool, was used to examine the 
oil:water emulsion spectra (Clark, et al. 2010). Kokaly et al. (2010) further explored these spectral 
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features and developed a technique to qualitatively map areas where thick oil is present by using 
a normalised difference technique.  
2.2.6. Normalized difference technique 
Normalized difference has been used extensively in remote sensing to study vegetation (B. Gao 
1996). It is derived from the Red:Near-infrared reflectance ratio as follows: 
     
         
         
 
where NIR and Red are the amount of electromagnetic energy measured in the near infrared and 
red bands respectively (Tucker 1979). The NDVI is based on the principle that chlorophyll-a 
absorbs strongly in the red while the mesophyll leaf structures reflect strongly in the NIR. NDVI 
values range from positive 1 to negative 1, with positive values indicating productive and healthy 
plants. Negative values indicate unhealthy plants.  
In July 2010 the U.S. Geological Survey developed a qualitative method to produce color-
composite images of the surface of the ocean which indicated where thick oil was present 
(Kokaly, et al. 2010). They employed a normalized difference technique but focused on the 
unique spectral properties of oil.  
The AVIRIS bands selected by Kokaly et al. (2010) for application of the normalized difference 
are identified in Table 1. I applied this technique to derive a color composite using ND1, ND2 and 
ND3, as red, green and blue (RBG) bands, respectively. Thick oil in the color composite images 
is shown by strong green, yellow and orange colors (Kokaly, et al. 2010). Areas with no thick oil 
present appear as blue. ‘Thick oil’ is a relative measure within each scene and variations in the 
green, yellow and orange tones occur because of changes in the normalized difference value, 
with thick oil having relatively higher values for ND1 and ND2 than ND3.  
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Table 1. AVIRIS bands and corresponding wavelengths for the creation of normalized 
difference maps.  
Normalized 
Difference 
Formula 
AVIRIS bands used to 
calculate means 
Wavelengths (nm) 
ND1 
[
       
       
] 
R1a: 47 & 48 & 49 793, 802, 812 
R1b: 23, 24, 25 580, 589, 599 
ND2 
[
       
       
] 
R2a: 75, 76, 77 1063, 1073, 1082 
R2b: 67, 68, 69 986, 996, 1006 
ND3 
[
       
       
] 
R3a: 144, 145, 146 1722, 1732, 1742 
R3b: 135, 136, 137 1632, 1642, 1652 
2.3. Methodology 
2.3.1. AVIRIS scene selection  
The objective of this study was to determine if any spectral features could be utilized to map oil 
on the ocean surface based on spectral signatures observed in AVIRIS hyperspectral imagery 
collected during the DWH event.  
AVIRIS was flown 456 times during the DWH event (Figure 17). AVIRIS quicklooks are produced 
during the archive process and are distributed as single-band JPEG (Joint Photographic Experts 
Group) images (NASA Jet Propulsion Laboratory 2012). These Quicklooks were used to identify 
the spatial extent of each scene. Figure 18 identifies the position of the two AVIRIS scenes used 
to compare the normalized difference and spectral line height technique. The first scene, from 
May 17 2010, was collected at an altitude of 8.534km aboard the ER2 airplane resulting in a 
7.60m pixel size. It is approximately 150 km in length and approximately 5.5 km wide, bound 
between 28°50'51.26"N and 28°25'36.75"N and 89°27'13.41"W and 87°57'59.50"W. The second 
scene was collected on July 9
th
 2010 at an altitude of 3.7 km with the Twin Otter, resulting in a 
3.3m pixel. It is approximately 18km in length and 2.5km wide. It is bound between 28°43'25.21"N 
and 28°45'36.75"N, and 88°29'31.21"W and 88°18'40.18"W. Also shown in Figure 18 are two 
additional scenes (July 8 and 31, 2010) used to examine the SLH technique when applied over 
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land. An AVIRIS scene collected on July 8, 2010, is bound between 30°12'51.35"N and 
30°16'11.45"N and 88°30'41.10"W and 87°55'34.61"W and is approximately 57km long and 
approximately 3km wide. The fourth AVIRIS scene examined was collected on July 31, 2010 and 
is bound between 29°15'56.40"N and 29°37'43.94"N, and 89°53'2.19"W and 89°49'5.84"W. It is 
approx. 40km long and 5.7km wide. 
AVIRIS scenes were downloaded from the Jet Propulsion Laboratory Site 
(http://aviris.jpl.nasa.gov/index.html). Each scene generates a range of metadata and data sub-
files (approximately 18) which provide information on radiometric calibration coefficients, spectral 
calibration file, calibrated AVIRIS radiance data, the positional data in an x, y, z coordinate 
system, longitude, latitude and elevation, geometry of the observation and illumination conditions. 
Much of the data are used as the input file for the ATREM atmospheric model. In this study, I first 
examined the images using enhanced ‘true color’ (Red, Green, Blue or RGB) images based on 
AVIRIS bands 38 (725nm), 20 (577nm), and 10 (478nm). All spectra extraction and calculations 
on each scene were undertaken in ENvironment for Visualizing Images (ENVI) version 4.5.  
2.3.2. ATREM atmospheric correction 
Atmospheric correction by ATREM was conducted by creating an input file with specific 
parameters for each individual scene. The solar zenith angle for each scene is determined using 
ATREM from a range of parameters which are defined in the ‘input file’. 
These include sensor altitude, flight time and the latitude and longitude of the center position of 
the scene. The scene dimensions are specified including the number of samples, number of lines, 
number of bands and header size.  
The atmospheric scattering was modeled using the 6S code (second simulation of the satellite 
signal in the solar spectrum). The resulting radiance spectrum is divided by the solar irradiance 
spectrum above the atmosphere to determine the apparent reflectance (CSES 1999). Water 
vapor for every AVIRIS pixel in each scene is determined by comparing the derived water column 
value, using the Malkmus narrow band model (Kruse 2004) against a ‘look-up’ table procedure. 
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Finally, surface reflectance is solved for by transmitting the solar irradiance above the 
atmosphere as per Teillet (1989). The output of the ATREM program is a surface reflectance 
estimate (CSES 1999). This was normalized against the AVIRIS gain factors derived from a 
surface reflectance measurement which are reported in the associated AVIRIS ‘GAIN file’. 
2.3.3. Spectral Line Height technique 
Figure 19(A) shows the scene collected during run 11, on May 17,
 
2010. An area was chosen to 
evaluate typical spectra collected from uncontaminated ocean water. The area chosen was 
approximately 93km from the Macondo well head, in an area where no oil was reported prior to 
and including May 17. A subset of the main scene is also presented (Figure 19(B)), within which 
areas with surface oil were examined for variations in their spectral signature. Figures 19(D – G) 
illustrate areas where surface oil was present. Within each of these RGB subsets, select areas 
were examined. 50 spectra (3X3 windows) were collected within each of the areas identified by 
colored frames to examine spectral variability. Spectra were averaged in groups of 10 to produce 
5 spectra of each area examined. 
Figure 20(A) shows the entire spectral range (400-2500nm) of measured radiance for each of the 
areas identified in Figure 19(C-G). Figure 20(B) focuses on the spectral range 1907-2400nm. 
Spectra collected over uncontaminated ocean water showed the lowest measured radiance in 
this region. Areas with oil, visible within the RGB image as dark brown and bright orange patches 
(Figure 19(E) and (F)) had higher reflected radiance.  
Figure 21 (A) shows a scene collected on July 9, 2010 (run 07). The site of the Deepwater 
Horizon and Macondo well head are located within this scene. According to the Environmental 
Response Management Application (ERMA) developed by NOAA, this entire scene lies within the 
‘heavily oiled’ footprint recording of oil presence during the Deepwater Horizon event (ERMA 
2010). This scene lies within an area where oil was detected more than 80% of the days between 
April 22 and July 31, 2010, as determined by Hu et al. (2011). For these reasons it was assumed 
that no clear water was represented within this scene. Five separate areas were examined for 
variations in spectra of surface oil in the shortwave infrared region (SWIR).  
  
Figure 18. Location and orientation of 4 AVIRIS scenes. Two of these were used to compare the USGS normalized difference technique and the 
SLH technique, May 17, 2010 (run 11) and July 9, 2010 (run 07). Also shown are 2 AVIRIS scenes of July 8, 2010 (run 06) and July 31, 2010 
(run08) used to assess the SLH technique applied over land in Barataria Bay, Louisiana and Dauphin Island, Mississippi, respectively. Inset shows 
proximity to the coastline. 
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Figure 22 shows the spectra between 1907nm and 2400nm collected from these areas. The 
radiance peaks between 1907-2400nm were similar to those observed for May 17, 2010. A 
marked peak was observed consistently at 2142nm. This peak was not present over water. An oil 
thickness index was then created by measuring the height of the peak in total radiance (TR) at 
this peak compared to a baseline, as shown in Figure 23. 
                                                          
where, total radiance (peak) was measured at 2142nm (band 188) and total radiance              
was calculated as follows:  
                                         
                
                
 
where,  refers to the center wavelength. The equation measures the relative height of the signal 
received at 2142nm when measured from the baseline.  
The spectral signature of clouds and land were examined to determine if either had unique 
spectral properties which could be exploited to develop a cloud, or land mask. I examined the 
spectral signature of clouds, land, cloud shadow, water and oil. I determined that cloud pixel 
values in both band 10 (478nm) and band 20 (577nm) were much higher when compared to the 
rest of the scene. I applied a threshold filter to identify the presence of clouds; namely; all values 
in band 10 (478nm) above 0.2 µW cm
-2
 nm
-1 
sr
-1
 and all values in band 20 (577nm) above 0.14 
µW cm
-2
 nm
-1 
sr
-1
. Where pixels satisfied these criteria, a byte value of 255 (white) was applied in 
generating by-scaled images, and this was then coded to make clouds appear white. I applied a 
threshold filter to identify land using values in band 90 (1234nm) above 0.05 µW cm
-2
 nm
-1 
sr
-1
. I 
was not successful in finding a universal cloud shadow algorithm, as the spectra for shadows 
closely resembled that of water.  
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Figure 19. (A) RGB showing an AVIRIS scene of May 17, 2010 and (B) a RGB subset of the 
same scene. Extracted RGB images identify an area of uncontaminated ocean water (C) and four 
areas with surface oil present (D-G). The color frame of each RGB is coded to corresponding 
spectra in Figure 20. The small squares within these areas (C-G) identify where spectra were 
extracted. 
  
Figure 20. (A) Spectra derived from water (blue lines) and 4 areas where oil was present as identified in Figure 19. (B) illustrates the spectral 
region identified to distinguish between areas of oil and water (1907nm- 2400nm). 
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2.4. Results 
Figure 24 illustrate the results of applying the normalized difference technique developed by the 
USGS and the SLH technique on the AVIRIS scene collected May 17, 2010. For the normalized 
difference technique, tones of yellow and green indicate areas of thick oil, while tones of blue 
indicate an absence of thick oil. This established technique was used to validate the Spectral Line 
Height technique (Figure 24(D)). A ‘rainbow’ color bar was applied to the SLH technique, which 
then showed high thickness values in red, medium in yellow or green and low values in blue. The 
two techniques were applied to the entire scene, and results examined for a sub scene (Figure 
24(B)). The results from the SLH (Figures 24(D)) show patterns that coincide with the areas of 
thick oil identified by the normalized difference technique (Figures 24(C)). The gradients in the 
SLH result seem to identify gradients in oil thickness. The SLH technique was applied to two 
additional sub scenes and produced similar results when compared against the USGS 
normalized difference technique.  
To examine if the spectral line height technique changed with sensor, altitude and spatial 
resolution, I tested a scene collected with the Twin Otter AVIRIS on July 9, 2010. Figure 25 (A) 
shows the entire scene with a controlled burn and resulting smoke plume identified. The plume 
was excluded from the spectral analysis. Figure 25(B) is a RGB subset image showing patterns 
of surface oil including streaks of bright orange. Figure 25(C) represents the results of the 
normalized difference technique and 25(D) shows the results of the SLH technique.  
The two techniques produce comparable results with areas noted as thick oil using the USGS 
methodology also being identified by the SLH technique. The SLH technique appears to 
differentiate ranges in thickness as indicated by the employed ‘rainbow’ color scale, with red 
showing the thickest oil locations. To determine the applicability of the SLH technique close to 
land, I examined 2 AVIRIS scenes; one collected on July 8, 2010 (run06) and the second 
collected on July 31, 2010 (run 06) both by the Twin Otter.  
Figure 26 (A) shows a RGB of an AVIRIS scene collected on July 8, 2010, south of Mobile Bay, 
where oil was reported on the day the scene was collected (ERMA 2010). Sand bags deployed to 
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restrict oil movement into Mobile Bay can be seen in (Figure 26(B)). The SLH technique appears 
to positively identify oil entering and within the bay (Figure 26 (D) and (E)).  
 
 
Figure 21. RGB of an AVIRIS scene of July 9, 2010 showing the locations of 3 (B-D) areas where 
oil was present. The colored boxes within each RGB denote their respective spectra shown in 
Figure 22.  
  
Figure 22. Spectra derived from 5 areas where oil was present as identified in Figure 21. (B) illustrates the spectral region which was examined to 
determine if a technique could be developed to distinguish between areas of oil and water, spectral range 1907 – 2400nm.
4
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Figure 23. Graphic representation of the SLH technique for mapping thick oil from AVIRIS imagery. The green line is a representative oil spectrum. 
Broken gray lines represent AVIRIS band 175 (2013nm) and band 203 (2390nm), which are used to compute a baseline, and band 188 (2142nm) 
used to measure the height of the peak as indicated by the red line.  
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Figure 27 (A) shows a RGB of an AVIRIS scene collected on July 31, 2010 (run 08), which covers 
Barataria Bay and Grand Isle, where the presence of oil was confirmed by oiling footprint maps 
for July 31, 2010 (ERMA 2010). Figures 27(B) and (C) are subset RGBs. Figures 27 (D) and (E) 
show the results of the SLH technique, which identifies oil in the area surrounding islands. 
Without in-situ samples to analyze it is impossible to confirm if this is actually oil or a false 
positive owing to the proximity of land and possible bottom contamination. This scene is also 
heavily dominated by sun glint, which strongly affects the results and indicates a limitation of this 
technique.  
2.5. Discussion 
Atmospheric correction is a step that is usually necessary in the use of imaging spectrometry of 
objects located on the Earth’s surface (Clark, et al. 2010). Much of the atmospheric correction 
over water is based on the assumption that water-leaving radiance in the red and near-infrared is 
zero, because water is extremely absorbing in this region (Gordon, et al. 1998). It is therefore 
inferred that any measured reflectance value in the red and NIR region is due to aerosols.  
Owing to this assumption it has been deteremined that there was often an erroneously high 
chlorophyll-a determination in coastal waters, and that often ‘negative’ values are obtained for 
radiance in violet and blue ocean color bands from sensors and algorithms designed to measure 
ocean color offshore (Hu, Carder and Muller-Karger 2000; Siegel, et al. 2000; Ruddick, Ovidio 
and Rijkeboer 2000).  
It can be observed from photographs taken during the DWH response and from satellite imagery 
that much of the oil had a red color. The assumption that the water leaving radiance in the red for 
each pixel is solely an aerosol contribution may therefore be inaccurate when oil is present. For 
this reason, the aerosol contribution will be overestimated, resulting in reduced water leaving 
radiance values at shorter wavelengths. This may affect the overall accuracy of the atmospheric 
correction step.  
 
  
Figure 24. (A) RGB showing an AVIRIS scene of May 17, 2010 (run 11) with a subset RGB (B) showing surface oil. (C) illustrates the results of the 
USGS normalized difference technique. Thick oil is denoted as green and yellow tones. (D) shows the results of the Spectral Line Height 
technique with thick oil shown as red, yellow and green tones.  
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Figure 25. (A) RGB of AVIRIS scene July 9, 2010 (run 07) showing a controlled burn site and associated plume. (B) is a RGB subset image of 
surface oil. (C) shows the results of the USGS normalized difference technique and (D) shows the results of the SLH technique. Highest values 
indicate that the SLH can differentiate ranges of thick oil. 
4
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Figure 26. (A) is a RGB of an AVIRIS image from July 8, 2010 (run 06). (B) and (C) are subset 
RGB images as indicated by the colored boxed in (A). (D) and (E) show the results of the SLH 
technique indicating the possible presence of oil entering and within the bay. Contribution from 
bottom reflectance may also explain some of the patterns and in-situ validation is needed to 
confirm the presence of oil. 
  
Figure 27. (A) is a RGB of an AVIRIS image from July 31, 2010 (run 08). (B) and (C) are subset RGB images as indicated by the colored boxed in 
(A). (D) and (E) show the results of the spectral line height technique. A mask has been applied to land but interference from bottom reflectance 
may be an issue. Sun-glint significantly affects the results as indicated in (D) and (E) and considerably limits the effectiveness of the SLH 
technique. 
5
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During the early phases of the DWH oil spill response, there were numerous false positive 
sightings of oil from spotter planes, which limited the effectiveness of the response efforts. False 
positives included sargassum and brown algal blooms (Leifer, et al. 2012). Furthermore, 
response efforts such as in-situ burning were also erroneously identified as oil in a false color 
image generated from Multi-angle Imaging Spectroradiometer (MISR) aboard the Terra satellite 
(Leifer, et al. 2012).  
For a detection technique to be effective it needs to reduce false positives and discriminate 
between the actual target and the background accurately. The normalized difference technique 
that was developed by the USGS relies on the absorption features and the spectral shape from 
specific chemicals present in oil. It is possible to introduce thresholds which effectively mask 
pixels where these absorption features are absent. In this way, false positives can be reduced 
which leads to a more effective response and usefulness for those coordinating the response 
efforts (Leifer, et al. 2012). 
The Spectral Line Height technique proposed here produced similar patterns and distribution of 
thick oil to those identified by the USGS technique. The SLH technique appears to discriminate oil 
from adjoining water pixels when applied in deep water. The SLH technique has the added 
benefit of not requiring atmospheric correction. Effecting an accurate atmospheric correction can 
lead to data not being made available to responders during an oil spill for several hours after 
collection, or it may not be possible to provide an accurate correction at all.  
Applying the SLH technique identified clouds and land as false positives. I created filters for both 
clouds and land, based on spectral discrimination of each. The presence of sun glint affected the 
results of the SLH technique and this limitation would need to be addressed to improve its 
effectiveness. In addition, the SLH technique needs to be assessed in the presence of known 
false positives such as sargassum, brown algae and other organic materials to determine its 
performance. The SLH technique produces comparable results to the USGS normalized 
difference technique in the absence of sun glint. The persistence and frequency of natural oil 
spills in the Gulf of Mexico may serve as an appropriate research tool to develop such a product.  
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2.6. Recommendations and Conclusion  
This study developed a simple method for the detection of thick oil based on the spectral features 
of the Deepwater Horizon oil. The Spectral Line Height (SLH) algorithm appears to positively 
identify thick oil on the ocean surface based on AVIRIS hyperspectral data. The results compare 
favorably with the normalized difference technique developed by the USGS. To further investigate 
the use of the SLH technique, and to determine if all SLH features are in fact oil, in-situ 
measurements of oil thickness need to be conducted. I was able to create basic masks for clouds 
and ships because of their high reflectance across all wavelengths in the SLH algorithm. While I 
was also able to identify land using spectral masking, the SLH technique did not perform well in 
the presence of sun glint.  
It is clear in retrospect that significant spectral observations should have been collected in the 
field from different areas covered by oil during the Deepwater Horizon spill. This should be an 
important recommendation in any future oil spills. It may be a good idea to collect spectral 
signatures from different oils being mined at different locations, and to develop a modeling 
approach that allows assessment of reflectance of oil on water under different and realistic field 
conditions. This may help in developing effective approaches for development of rapid response 
products. 
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